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Abstract—The formation coastants of charge-transfer complexes of a pumber of 9- and 9,10-substituted anth-
racenes with chioranil bave beea measured by a spectrophotometric method and the corresponding thermody namic
parameters AGS, AHS and AS? evaluated in various solveots. 7., valwes of the chargo-transfer band for chiorasil
were lincarly related to those for tetracyanoethylene (TCNE). Good correlations were also obtained between vy,
and the corresponding ionisation poteatials Ip of the dosor molecules. In addition AG? varied lincarly with Ip and
from these correlations, values of AGY, etc. for the corresponding TCNE complexes could be calculated. These
-aloes are otherwise very dificult to obtain due to the high reactivity of TCNE. :

Charge transfer complexes have been postulated as in-
termediates in a great number of reactions’ but often it is
difficult to assess their mechanistic importance. A case in
point is the Diels-Alder reaction where transient
coloured species bave been described as charge transfer
complexes and have been invoked as reaction inter-
mediates. Until very recently their role in the reaction
has been uncertain. Two mechanistic pathways are pos-
sible, one involving the complex as a true intermediate
(Scheme 1) and the other in which complex formation is
a side reaction (Scheme 2).

A + B2 Cr—s product )
Scheme |1

[ &
C78=1A+B—10pf0dm )
Scheme 2
It can be readily shown that under conditions where one

of the reagents is in a large excess, Scheme | yields the
equation

Kew =1 +Kik¢fBl @
and Scheme 2 gives
R

Furthermore, if K (B] <1, then (3) and (4) reduce to
kexo = Kok, and k., = k; respectively.

Thus the observed enthalpy of activation will be
dependent on the enthalpy of complex formation (AH®)
for (1) but will be independent of AH" for (2).

ie. AHZ. = AH /" +AH* 8]

where AH,” is the activation enthalpy for conversion of
complex into products. If AHo is sufficiently negative
then negative values of AHZ. could be eanvisaged.
Kiselev and Miller® have studied the kinetics of the
Diels-Alder addition of tetracyanocthylene (ethene-
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tetracarbonitrile, TCNE) to 9,10-dimethyl anthracene and
found the sought-after negative AH .., values in a variety
of solvents. This strongly supports the postulate that the
charge-transfer complexes lic along the reaction coor-
dinate in the Diels-Alder reaction. In view of their
mechanistic importance, it was decided to investigate the
thermodynamic stability of these complexes in the anth-
racene series.

Since TCNE reacts very rapidly with all but the most
deactivated anthracenes (eg. 9-bromo and 9,10-
dibromoanthracene), the determination of the ther-
modynamic parameters for complex formation is
extremely difficult. However, complexes with chloranil
are kinetically stable and hence the parameters for
TCNE could, in principle, be obtained by various cor-
relation procedures. Thus, the charge transfer complexes
of a series of 9-substituted anthracenes with TCNE were
investigated using the usual UV spectroscopic methods.
The choice of solvent in this study is important since
many solvents compete with the donor species in the
formation of complexes (not neeuanly of the charge-
transfer type). Prausnitz ef al.™ have reported values of
the association constants for various aromatic donor-
CCL, complexes in n-hexane. For simple aromatics, these
values are some two hundred times smaller than those
found for the corresponding chloranil complexes.’
However when aromatic solvents are used, quite large
corrections are necessary to allow for the competition
between solvent and donor.* Accordingly CCL, was
chosen as the solvent in this work. It has the added
advantage that the results obtained could be checked by
an NMR method.

The method of obtaining the association constants
relies heavily on the validity of the Benesi-Hildebrand
relationship which in turn depends on compliance of the
complexes with the Bouguer-Beer-Lambert Law. Also,
the constants obtained are conceatration constants (K,).
Since the activity coefficients are in most cases unknown
and it is therefore important to work with as dilute
solutions as possible (in this work the maximum concen-
tration of donor and acceptor was 0.08 M though in most
cases considerably less). Polle” bas critically reviewed
the method and Scott® has outlines an improved method
for cases where the association constants are low.
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Another assumption in the Benesi-Hildebrand ap-
proach is that the stoichiometry of the complex is 1:1. In
order to verify this under our conditions, compiex for-
mation between 9-trimethylsilyltriptycene and TCNE
was studied. Trimethyisilylation of triptycenc® readers
the molecule much more soluble in non-polar solvents
and the triptycene residue itself could in principle com-
plex with more than one molecule of TCNE.

The method of continuous variation was used and the
resulting Job plot (Fig. 1) has a maximum at 1:1 stoi-
chiometry and shows no detectable asymmetry, thus
precluding the formation of higher order complexes.

The K. values for a series of 9- and 9,10-substituted
anthracenes with chloranil appear in Table | and the
corresponding thermodynamic parameters in Table 2.
The value of K. for 9-t-butylanthracene could not be

Table ). Complex formation comstants (K., Imole™') for
Chloranil with anthracene derivatives at 25.0°

Donor Solvent K.

Anthracene cCle 3
Anthracene CHCI . 1.7
Anthracene CH,Cl,y 1.0
9-Methyl- e, 5.6
9-Methyl- CH,yCN 2.0
9-Ethyl- ., 5.9
9-Propy! - ccr. 3.8
9-1-Propyl- cci. 2.4
9-1{-Butyl- (448 3.5
9-Me,Si- car, 2.8
9-Bromo- ccl, 2.4
9,10-0Dibromo- ccr, 1.9
9,10-Dimethyl- ccl, 10.6

M. Lore and R. M. G. Rosexts
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Fig. 1. Job plot (absorbasce vs coocentrations of trimethyl-

iptycene and TCNE, mol1™') for complex formation in
CHLCH, at 25°.

silyl tripty

determined due to the solutions becoming rapidly
opalescent on mixing. It is clear that the K. values lie in
a relatively small range. Substitution of bromine at the 9
position barely alters K. and 9 methyl substitution shows
an increase in K. of less than a factor of two. From these
results it seems that little charge has actually been trans-
ferred and that the complexes arc rather better for-
mulated as molecular complexes. Similarly the absence
of any major steric effect is apparent since in the a
alkylated series only small decreases occur and sub-
stitution by Me,Si causes little if any change in K..
The entropies of formation lic in the range -8 to
-11 e.u. with the exception of dimethylanthracene which
has a significantly more negative value indicative of
restricted rotation in the Me-group. The crystal structure
of the 9-methylanthracene-chloranil complex has been
reported.'® The molecular planes of the two components
liepanllcltoonemotherntasepamionofl“k
However, the chloranil does not lie symmetrically above
the anthracene framework but is displaced towards one

Tabie 2. Thermodynamic parameters of compiex formation of anthracene derivatives with chioranil in CCL, at 25.0°

-86° ' -oK° -85,
Compound [ (cal.mole™") | (Kcal.mole"}) (ca).deg”'mole™")
1. Anthracene 672 ¢ 50 3.2:04 8.6 1.2
2. 9-Methyl- 1024 ¢ 33 43:0.2 10.8 + 0.5
3. 9-Ethy)- 982 = 49 4.1:0.2 10.4 2 0.5
4. 9-Propy!- 792 = 55 3.9: 0.3 0.4+ 0.9
S. 9-1-Propyl- 546 ¢ 27 3.5 0.2 9.8 0.7
6. 9-i-Butyl- 744 ¢ 28 3.6 ¢ 0.5 9.7:1.4
7. 9-Me,Si- 662 ¢ 40 3.5:0.3 9.4 0.9
8. 9-Bromo- 529 ¢ 25 2.9:02 8.1 0.5
9. 9,10-Dibromo- 378 * 35 2.81:0.2 8.0 : 0.8
10. 9,10-Oimethyl- 1399 + 23 5.6 2 0.1 14.0 £ 0.4
11, 9-Mathy)-* QW : 80 3.2 0.2 9.4:0.5
12. Anthracene®® 325 2 50 2.7+0.3 8.0:0.8
13. Anthracene**® 127 ¢ 50 27103 8.7:0.8
¢ In acetonitrile; ¢ In CHCYy; *** In CHaCls
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Fe 2 Variatioo in AS? (cal deg™* mole ') with AH? (kcaf mole™ ')
for the chloranil complexes with anthracene derivatives in CCl,.

of the outer rings with an angle of 1.5° between the plane
normals, This suggests unfavourable interaction between
CO and Me groups.

Plots of AH? vs AS? show a nearly linear correlation
(Fig. 2). Such correlations have previously been found
for complexes between jodine and aromatic hydrocar-
bons'' and iodine and aliphatic amines.'’ However,
Briegleb'> has shown that for some groups of complexes
having common acceplor species there is very litthe
correlation. The data used however often relied on
measurements taken at only fwo temperatures. The
simplest interpretation of the correlation is that as the
interaction between domor and acceptor becomes
stronger (AH? more negative) there will be concumndy
increasing constraints on vibrational modes in cach
componeat leading to a more unfavourable AS.” term

Correlations of stabilities of chloranil and TCNE
complexes. Direct correlation in the anthraceae series is
not usually possible due to the paucity of data for TCNE
which itself results from the geaerally high reactivity of
the dienophile. Briegieb® has reported valuest of AGR,
AHS and ASS for a number of aromatic derivatives of
varying structure using the two dienophiles in solvent
CCL.

A plot of AGZ (TCNE) vs AG! (chioranil} shows
reasonable linearity for all derivatives except phenanth-
rene and triphenylene (Fig. 3). The slope of the line is
close to unity and the following empirical relationship
can be written

AG:(TCNE) = 0.91 AG? {(chloranil) - 0.60.  (6)

Duta for both dienophiles have been reported for
S.bromo, and 9,10-dibromoanthracene,® but only the
dibromo derivative lies close to the above line. There are
however examples where excellent linear relationships
exist between data for two acceptors and a series of
closely related donors. Fluorsnil (F) and 13,5 trinitro-
benzene (T) show such a correlation with alkylated ben-
zenes where plots of log K(P) vs log K(T) give a
straight line of slope 1.36.' Corresponding plots for
chioranil and 1,3,% trinitrobenzene give somewhat poorer
cotrelations but a line of slope 1.31 was obtained.’ It has

'mmmmn(xn)mmmed&:mkfm-
tion units. The corresponding K, values can be calculated from
the expression Ky = 10.3 K.. The corresponding thermodynamic
parameters are related by the following equations

AGl= AGI+136, AHI=AHS,  ASI=AS%-202
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Fig. 3. Correlation of free energpies of complex formation AG?

(kcal mole ') for various aromatic compounds with TCNE and
chioranil. See Table 4 for numbering.

been noted that whereas reasonably linear plots of log K.
vs Hammett o values are obtained for clectron donating
substituents in the dopor, the correlation breaks down
whea various electron-withdrawing groups are present.'*
It seems likely that in the latter scries strong dipole-
dipole interactions become dominant over charge-trans-
fer interaction. In view of the sparse data for anth-
racenes it is tempting to construct a correlation based on
the measured thermodysamic parameters for 3-bromo
and Sdibromoanthracene. However, in view of the
anomalous behavior of electron withdrawing substituents
it is by po means certain that these derivatives would be
suitable models on which to base the desired cor-
refations. Plots of AH! (TCNE) vs AH? (chioranil) are
tairly tinear but bipheay! and the two anthracene deriva-
tives lic well off the line which has a slope of 0.51. The
corresponding entropy correlations show quite a wide
scatter. In view of the above difficulties it was decided to -
examine more indirect methods.

Correlations between ¥.,., ionisation potentials and
AG:. The excitation energy for transitions in charge.
transfer complexes can be related to the ionisation
potential of the donor and the electron affinity of the
scceptor"’ and thus for a standard acceptor, 7. for the
donor should be proportional to its ionisation potential
(Ip). Briegleb and Czekalla' have found such relation-

1 1p
Fig. Relationship between the  ionisation
Ip(cal mok") of asthracene derivative with (A) AG? for chioranil

complexes sad (B) the corresponding #...(¢m ') in CCl, at 2%,
Data tsken {rom Tabie 3 and numbering from Tabile 2.

potentials
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Table 3. Correlation between ionisation poteatials and ¥.., for various anthracenes

4] A
Compound ;:ntl::::?ﬂ(c.v.) 1077 x vgy (ca™?)
Anthracene 7.33 (169000)* 16.0
9-Methyl- 7.17 (165350) 14.8
9-Ethyl- 7.19 (165800) 14.9
9-8romo- 7.38 ()70190) 16.4
9,10-Dimethyl- 7.04 (162350) 13.8
9-Propyl- - 15.0
9-4-Propyl- - 15.3
9-1-Butyl- - 15.2
9-t-Butyl- - 15.2
9-Me,Si- - 1.7
9,10-Didbromo- - 16.9
* The'values in parentheses are in cal.mole™’.
ships for complexes with iodine, 1,3,5-trinitrobenzene — 28
and chioranil. Five of the anthracenes in this study for 1
which ionisation potentials are available show a similar .
linear dependence (Fig. 4) Table 3, yielding the relation- 2|
Vwax = 7640 Ip — 40,000 Y] = T
jo- ‘S 2
which can be rewritten in terms of energy a L 53
x 6
E=0947Ip-496 (®) T 6 ?
? o8
where Ip is in eV. Plots of AG? vs Ip also give a good [~
2 1 1 L 1 1 1 1

straight line correlation (Fig. 4) which can be used for
predicting either of the quantities for a givea member of
the anthracene series.

Although measurements of AG? for TCNE complexes
are very difficult for anthracenes, values of 7. are
available and when plotted against the corresponding
values for chloranil give an extremely good linear cor-
relation whose slope is almost unity. (Table 4, Fig. 5)

1% 1 22 26 30
0 x P max (chioranit complexes}

Fig. 5. Reiationship between wave-oumber (o, cam™') of the
charge-transfer basd of TCNE and chioranil complexes with
some common donors (see Table 4 for numbering).

Table 4. 7p,, (cm™') of chargo-transfer band for TCNE and chioranil with some dooors in carbostetrachloride”

Compound 1070 e

Donor Chloranil TCNE
1. Benzene 28.8 26.1
2. Diphenyl 22.7 20.0
3. Phenantherene 21.6 19.0
4. Durene 20.5 19.9
5. Maphthalene 20.9 18.2
6. Triphenylene 20.7 18.0
7. Stilbene 19.4 16.6
8. 9-Bromoanthracene® 16.4 4.0
9. 9,10-Dibromoanthracene® 16.9 . 4.3

* This work
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yiclding the empirical equation
max (TCNE) = 0.993 7., (chloranil) - 2520 (9)

WHETe Fu. is in ¢cm™'. The only donor molecule which
lies off the above line is durene which is likely to show
some steric hindrance to complexation. A plot of AG? vs
Vmas for chloranil complexes gives a reasonably good
straight line correlation provided the substituents at the 9
position are not too bulky (Fig. 6). Thus by using the
cakulated v, for TONE from eqn (9), values of AG?
for this reagent can be determined. These results appear
in Table $. A simpler, though less accurate approach is to
add to AG? (chioranil) the average difference between the
free encrgies for 9-bromo and 9,10-dibromo anthracenes
(for chloranil and TCNE), taking data from Ref. 6 and
Table 2 (Table $).

Finally, a good correlation exists between AG? for
TCNE and the ionisation potentials of the aromatic
donors {Fig. 7). The data used to establish this plot were
drawn from Refs. 6, 17 and 18 (Table 6).

This resulted in the empirical relationship

AG? = 0.0414 Ip - 8525 10)
where Ip is in cal mole™'. For donors where the ion-
isation potential is not kKDOWD ¥, is measured or esti-

an
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Fig. 6. Piot of AG? (kcal mole™") against #g,,(cm™") for chiorand!
complexes with anthracene derivatives (see Table 2 for num-
bering).

mated from eqn (9) and AGE calculated using eqns (7)
and (10). The results of all the methods used are com-
piled in Tabie S. The agreement is good and the values
can be relied upon with some confidence. In addition, it

Table S. Calcnlated free emergies (AG?, kcal mole™'), entropies (AS?, cal deg™' mole™') and equilibrium coastants
9-substituted

(K. ! mole™") for complex formation between

anthraceoes (9-X-AnH) and TCNE in CCl, at 25°

.
-86°, . ,
x : b c . d -4s%, ke
H 1.52 15 LS 1.2 5.6 13
e .68 1.8 1.9 L 8.8 18
£t 1.66 1.8 1.8 1.8 8.2 18
Pr 165 1.6 (1.8} 1.3 1.6 18
tor 1.1 L4 (L7 1 6.3 15
thu 1.62 - - - 15
18y 1.62 1.5 (L7) 1.3 6.3 15
MesSi 1.5 1.5 1.6 1.2 6.5 15
sr 1.8 1.3 - 1.4 10 4.8 13
9,10-8r1 LU N O S O S O 4.7 "
9,10-Me; O 2.2 2.2 1.8 4“7 2

4 - calculated from eqns. (7) and (10)

b ~ calculatad from aversge difference between values of AG'C for

TCNE and chloranil from data for 9-bromo and 9,10-dibromsanthracene

(ref. 6 and present work,

¢ - calculated from eqn. (9) and using the \‘a-

d - calculated from eqn. (6)
e - calculated from AG'C

f Fro-AGc

Errors 10.3 k.cals.mole™")

values, assuming that M'c

x° 36°, correlation

{TCNE) » M'c {chloranil}

.- RTIan using data in column a

g The values appear in parenthesis since these substituents lie off the

L]
Vogx® A6 < correlation
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Fig. 7. Relationship between AG? (calmoke™') and ionésation
potential Ip (cal mole™’) for aromatic componnds with TCNE in
CCL, at 25° (pusbered as in Table §).

Table 6. Free energies of TCNE compiexes at 25.0° in carbon-

donors .
Donor :"";. 86°(cal.mole~t)**
1. Benzene 9.24 282
2. Toluene 8.82 -81
3. 1,4-Disethylidenzene 8.48 -422
4. Naphthalene 8.3 -634
5. 1,3,5-Methylbenzene 8.14 -792
§. 9-Bromoanthracene 7.38 -1480%*e

*  e.v. = 964870 J « 23060.9 cal.mole"’
** From reference 18

“** From reference 6

was noted that values of AHZ for chloranit and TCNE for
9-bromo and 9,10-dibromoanthracene were the same
within experimental error. If one assumes that this
occurs for the other anthracene derivatives then AS? can
be estimated in the usual manner. The results appear in
Table 5 and are remarkable for their reiatively small
variation, complex formation clearly is not very scasitive
to the nature of the 9 substituents.

Of particular interest is the value for 9,10-dimethyl-
anthraceoe which is considerably less negative than the
comresponding value for chioranil. This could redect the
greater steric compressions between the Me groups at C9
and C10 and the CO groups in the dienophile. The results
can mow be used to examine in more detail the
mechanism of Diels-Alder additions of TCNE to anth-
racene derivatives, reports of which appear in the fol-
lowing papers. Solvents effects on complex formation
will also be dealt with in a subsequent paper.

Purification of solvents and reagents. AR grade CHCly was
washed four times with as equal volume of water and dried over
CaSO&mwlventmfmhlmemtdymto

TCNE was recrystaltised from beazene and twice sublimed at
120° under 4 mm Hg m.p. 198-200". Chiorand] was recrystallised
from benzene and sublimed at 130-140° under | mm Hg to give
yellow oeedies mp. 288-290°. Anthracene (BDH, bloe
fluorescent) was on alumina and then recrys-
tallised from EtOH, m.p. 218-219".

Pmmolmmmktbﬁ&mtm

wmoftherdemﬂkybmmm

with 2 modification for $-t-butylanthracene.®
910-Myluxﬁma¢." 9.10-bis(Chioromethyianthracene
() was prepared by the method of Miller et al™ It is a severe
skin irritant and should be bandled with great care. A sofa of |
(1.38 3. S m mole) in DMSO (25 m!) was mixed with NaBH, (0.8,
22 m mole). The mixture was beated at 100" for 1 hr with stirring,
cooled in ice and distilled water (50 mi} added. The resulting
yelow ppt was fitered off and recrystallised from beazeae to
give 1.0g (97%) bright yellow seedles, m.p. 181-183°.
9.Bromo,” 9,10-dibromo™ and 9-trimetbylsilylanthracene™
were prepared by standard procedures. 9-Trimethylsilyltriptycese
msygtbmdbybenzyxddﬁonwmempoodiuwﬂr
racese.
mmal&AUmSP!MUVvﬂkmc
trophotometer was used thronghowt the work. Coastant temps.
(20.1%) were maintained using a Churchill thermocirculator. The
absorbances of the solns were obtained by direct digital read-out.

A stock sola of chioranil ia CCl, was made up and added to
various weights of the anthracese derivatives i 10 m) volumetric
flasks, theo made up to the mark with solveat. 3 ml aliquots of
these solas were placed is | cm silica cuvettes, placed in the cell
bousing aad sllowed to equilbbrate for 30min before the ab-

SOrption was measured.
Tabie 7 lists the valwes of i,,. at which readings were taken
for the various anthracenes.

The equilibrium coastants, K (I mole™') were calculated from
the Beoesi-Hildebrand eqn (11)

[choranil) 1 N
Ae K, efanthracene] ¢
by plotting the LHS of (11} vs [anthracene] ', At least five
differest anthracene concentrations were used and each set of
data was repested with
[nthneeoe[i
{chloraail]

Table 7. mmnwm;_.umwumem
tion of K, for complexes of anthraceses with chiorasd in CCl,

1))

Compound Vmax

Anthracene 625

9-Me * 675
9-E£t - 670
§-Pr - 665
9-1Pr b 655
9-tBu* * 660
" 9-18u - 660
9-Me,Si - 835
9-8r - 610
9,10-dibromo a 590
9,10-dimethy! . 725

* Solutions were opalescent
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Table 8. Values of K. (I mole™') for anthracene derivatives with chioranil in CCl, at various temperatures

Lompound Jep X Compound lemp X
Anthracene  20.2 3.4 9-1 butyl 5.0 3.5
. %.0 3. . . 2.4 3.3

. 3.9 2.6 . . 0.5 2.6

. Qas 2.3 . . - 50.6 2.1
9-methyl * 25.0 5.6 9-Me,S54 . 5.0 3.0
= ° 350 4.5 . . W7 2.5

= ¢ a6 13 . . 0.5 1.9
9-ethyl ° 20.1 5.$ 9-bromo  * 20.7 2.8
s c 320 a0 . . 8.7 2.5

= a9 33 . . 3.2 2.3

= e a9 2.9 . . 3.4 1.9
3-prooyt ” :: ;g 3.10 tmetnylantaracene 2.6 1.4
= w0 27 . . B2 8.3

c e e 23 @2 6.5
Propyl = 20.9 2.6 ) ) 9.4 8.2
L 9.4 2.2 9.0 dtbroms a2 2.0
. « we s . N 7

. < a4 e 909 s

The best line and intercept were obtained by multipie regres-
sion analysis using aa interactive data analysis programme (K. 1.
McDonald, University of Essex).

Values of K, were reproducible to within =5%.

The thermodymamic parameters were obtained from data at &
minimum of four different temps and evalated from the Van' ¢
Hoff relationship using a least squares computer programme.

Tabic 8 lists the data used.
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